Due to the intrinsic low sensitivity of BOLD-fMRI long scanning is required. Subject motion during fMRI scans reduces statistical significance of the activation maps and increases the prevalence of false activations. Motion correction is therefore an essential tool for a successful fMRI data analysis. Retrospective motion correction techniques are now commonplace and are incorporated into a wide range of fMRI analysis toolboxes. These techniques are advantageous due to robustness, sequence independence and have minimal impact on the fMRI study setup. Retrospective techniques however, do not provide an accurate intra-volume correction, nor can these techniques correct for the spin-history effects. The application of prospective motion correction in fMRI appears to be effective in reducing false positives and increasing sensitivity when compared to retrospective techniques, particularly in the cases of substantial motion. Especially advantageous in this regard is the combination of prospective motion correction with dynamic distortion correction. Nevertheless, none of the recent methods are able to recover activations in presence of motion that are comparable to no-motion conditions, which motivates further research in the area of adaptive dynamic imaging.
Introduction
Magnetic resonance imaging (MRI) is an indispensable tool for studying brain morphology and function. Although MRI provides great diagnostic and prognostic value, it is also notorious for a host of artefacts, which often affect the quality of the acquired data and reliability of the conclusions. Motion artefacts in traditional MR imaging have an extremely volatile appearance, but typically they can be represented as a combination of blurring and ghosting (Lauzon and Rutt, 1993; Van de Walle et al., 1997; Wood and Henkelman, 1985) .The exact manifestation of motion artefacts is related to the way in which inconsistent raw data acquired in different motion states are combined into a single k-space dataset prior to the Fourier transform. These artefacts arise mainly due to the prolonged period of time required to form a complete k-space dataset. For more detail on artefacts in traditional MRI interested reader is referred to recent reviews on the topic Zaitsev et al., 2015) .In contrast, functional MRI (fMRI) is typically carried out using 2D single-shot signal readouts (Tsao, 2010) . Such readout modules are in most cases under 100ms in duration and are hence said to "freeze" motion, with regards to the majority of physiological motion types. Therefore individual 2D images resulting from single-shot acquisitions are indeed free of the "classical" MRI motion artefacts. Nonetheless, in the case of fMRI, volumetric data are required, which are produced by the sequential acquisition of multiple 2D slices, with characteristic acquisition times in the range of one to several seconds. Even though recent approaches such as simultaneous multi-slice (SMS) allow for shortening of these times by a significant factor (Barth et al., 2016) , fast physiological motion may still produce volume distortions and cause crosstalk between different slices, resulting in intra-volume data inconsistencies. More importantly, fMRI acquisitions consist of repetitive scanning of the same volume, in which the temporal evolution of the signal in every voxel serves as a basis for the statistical analysis (Cox, 1996; Friston et al., 1995; Goebel et al., 2006) . Motion in this case results in inconsistencies between the subsequently acquired image volumes across the time series, giving rise to inter-volume data instabilities. Although these may not lead to apparent artefacts in the images, they may substantially deteriorate the statistical analysis and distort the results.
Influence of motion on fMRI data
Subject motion during fMRI acquisitions is considered to be one of the major confounding factors affecting data quality (Haller and Bartsch, 2009; Van Dijk et al., 2012) . According to recent assessments, involuntary subject motion in typical fMRI experiments in young motivated volunteers is approximately in the range of 1-2 mm and rotations of approximately 1°are not uncommon. In the case of patients, elderly and children however, substantially more obtrusive motion is oft observed (Mayer et al., 2007; Seto et al., 2001; Yuan et al., 2009 ). Most prominent types of motion include nodding (head rotations around the left-right axis of the subject) combined with translations along the anterior-posterior and inferior-superior directions, and translations along the inferior-superior direction associated with limb motion and body posture changes. Such head motions result in local displacements of the anatomic brain features to a significant fraction of the voxel size, leading to a variety of physical phenomena, all contributing to an undesired temporal variation of the voxel signal evolution. The most substantial of these factors are listed in Table 1 .
In the case of head imaging 3 T or below, the transmit field can be considered homogeneous and both transmit and receive coil sensitivities independent of head position for the range of the relevant subject motion. However at higher field strengths, such as 7 T or 9.4 T, points 1, 2 and 5 may increase in importance (Faraji-Dana et al., 2016; Tian et al., 2015) . Point 3 is directly relevant for fMRI as it leads to the wellknown spin-history effects (Yancey et al., 2011) , most prominently observed in fast functional protocols with TR times on the order of the typical longitudinal relaxation times of the relevant brain tissues. Motion of the anatomic structures with respect to the encoding coordinates (point 6) leads to dramatic effects if left uncorrected, resulting in signal variations significantly exceeding the expected BOLD signal variations. Fortunately, there are a wide range of retrospective motion correction algorithms to rather effectively address this problem (Friston et al., 1995; Jenkinson et al., 2002) . Gradient nonlinearity correction (point 8) may also be integrated into the reconstruction and analysis pipeline (Yarach et al., 2015) , however, for the typical range of motions and relatively low spatial resolution characteristic for the majority of fMRI studies, these effects are mostly negligible. Motion of anatomical structures relative to the generally very inhomogeneous receiver coil sensitivities of the typical receiver arrays produces a position-variant weighting of the corresponding signals. This can be undone by an appropriate channel combination method (Pruessmann et al., 1999; Roemer et al., 1990) , which however rely on knowledge of the coil sensitivity profiles, which may change in presence of substantial movements. This is especially critical for protocols employing parallel imaging (Griswold et al., 2002; Pruessmann et al., 1999) or simultaneous multi-slice acceleration (Feinberg and Setsompop, 2013) , as motion in this case may result in position-dependent g-factor penalty variations or oscillating levels or residual aliasing.
As seen from the list in Table 1 , a substantial number of effects related to motion are associated with the magnetic field homogeneity alterations. Although the homogeneity of the main magnetic field may in some cases be limited by technical constraints, typically the most significant source of the magnetic field distortion is the presence of the subject inside the bore of the magnet. Variations in the magnetic field susceptibility between the air and the tissues, as well as amongst the different tissue types, in combination with the complex shape of the body and internal anatomical structures, result in substantial deviations of the local resonant frequencies within the object of investigation. For example, in head imaging the magnetic field distribution within the brain results from a superposition of the field from the head directly, but also substantial contributions from the shoulders, chest, lungs and upper limbs. A static shimming procedure is typically performed prior to the functional scan, which attempts to counteract the overall magnetic field inhomogeneity in the target region without differentiating the sources of the corresponding contributions. Motion of the head relative to the rest of the body and the shimming coils results in the manifestation of complex magnetic field inhomogeneities (Ooi et al., 2013b; Yarach et al., 2016) . Furthermore, rotation of the head about any axis non-parallel to the main magnetic field direction causes the field deviations arising from head tissues to change; they do not simply move in synchrony with the head Ooi et al., 2013b) , as can be seen in Fig. 1 . Although global (e.g. averaged over the object or slice) B0 changes are dynamically measured and compensated for on the majority of the clinical imaging platforms by adjusting the system's reference frequency or applying appropriate phase corrections, localised changes in the magnetic field distributions are left uncorrected at present.
Magnetic field inhomogeneities are well known to produce geometric distortions as well as signal pile-up and signal void artefacts in images from MR pulse sequences with extended readouts (Jezzard, Table 1 Effects of head motion on fMRI data grouped by a physical source or scanner subsystem. Severity of the effect is ranked from low to high, where low implies little or no effect on the fMRI data, and high implies considerable data corruption leading to an erroneous data analysis. Severity assessments are based on the authors' own experiences at 3 T and may vary for different protocols and field strengths. In particular, severity tends to increase with higher main field strength for cells marked with asterisk (*), and also increases when a local head-only gradient coil is used for cells marked with dagger ( †). Zaitsev et al. NeuroImage 154 (2017) 33-42 2012; Tsao, 2010) . Another relevant but less well known effect of the inhomogeneous fields is that the local susceptibility-induced gradients may also affect image contrast and therefore the effective BOLD sensitivity (Deichmann et al., 2002) . Dynamic alterations of the magnetic field inhomogeneity add an undesired time variance to geometric distortions and therefore to the BOLD signal. Attempts to compensate for a whole host of the dynamic field homogeneity effects have been made (Lu et al., 2015) , but a broader validation of such laborious approaches is yet to be performed. It is reasonable to relate the motion occurring in the fMRI experiment and its effects on the data to the voxel size of the underlying imaging method. Signals from larger voxels are less affected by the direct geometric effects associated with certain anatomic structures entering or leaving the voxel upon motion. This is mainly due to the signal averaging over a larger volume. At the same time low-resolution EPI (as well as other single-shot techniques) has a shorter readout time and hence a reduced sensitivity to motion-induced B0 alternations. Hence, although there is no strict mathematical formalism available for fMRI time series similar to that of Maclaren et al. (2010) for conventional imaging, a ratio of a typical displacement within the brain region to the voxel dimensions is a good measure of the severity of motion. Another measure of motion severity is its speed, which can be translated into displacements using characteristic times in the acquisition protocol, e.g. k-space readout duration, or TR. The former is relevant to assess k-space deteriorations (typically irrelevant for fMRI), while the latter relates to the intra-volume distortions (point 7 in Table 1 ).
As can be seen, there are many possible mechanisms for data corruption resulting from subject motion and correspondingly many different strategies may be required to address these challenges. The most obvious and effective method of suppressing all motion-related artefacts is to pre-emptively prevent or limit motion. If motion can be avoided, then the effects discussed above are avoided and other, more complex, strategies become redundant. Unfortunately, preventing motion is not always practical, especially in fMRI settings. For instance, clinical imaging of infants can be timed after feeding to take advantage of sleeping (Windram et al., 2012) , whereas in young children, sedation can be employed (Malviya et al., 2000) . Functional MRI, however, typically requires the subject to be awake. In the early days of MRI, bite bars mounted on head coils (Bettinardi et al., 1991; Menon et al., 1997) were deemed effective in avoiding head motion. However, due to their cumbersome set up and significant discomfort, immobilizing systems have not found wide acceptance. Training with a mock MRI setups appears to be useful to avoid bulk motion by reducing anxiety, both in children and patients (de Bie et al., 2010; Lueken et al., 2012; Malisza et al., 2012) . Also feeding back subject motion in real-time, as detected from MR data or using additional devices (Yang et al., 2005) , appears to be effective and was reported to only minimally interfere with the main task.
Retrospective motion correction approaches and their imitations
Retrospective image realignment is currently the method of choice for the majority of fMRI studies. A number of algorithms are available, as included in commonly used fMRI analysis packages such as SPM, FSL, AFNI or BrainVoyager (Cox, 1996; Friston et al., 1995; Goebel et al., 2006; Jenkinson et al., 2002) . Although there are differences in the details of the approaches used in these packages, as well as variations in the recovered motion trajectories, all appear to produce similar results in terms of the detected activations (Oakes et al., 2005) . Most of the retrospective motion correction algorithms use a rigid body motion model, assuming the entire volume transformation can be described by 6 parameters: three rotations and three translations, known as six degrees of freedom (6DoF) motion. Typically, these algorithms operate on successive image volumes assuming an idealized voxel function and relying on interpolation in the image domain to undo the effect of the detected motion. They also implicitly assume that motion only occurs once per volume acquisition, ignoring a potential misalignment between the individual slices within each volume. Differences between the various realignment options lie in the details of the interpolation algorithms and cost functions used and the optimization approaches to minimize (or maximize) the respective cost function.
Uncorrected or insufficiently corrected motion introduces strong dynamic modulations into the fMRI data, especially close to the highcontrast borders. If motion does not correlate with the task, then these modulations are treated by the analysis software as noise, leading to a decrease in significance and reduction of the detected activations. In addition, even a weak correlation to the task results in the appearance of false activations (Hajnal et al., 1994) . In resting-state fMRI, uncorrected motion effects tend to decrease detected functional coupling across the distributed networks, while apparently increasing the local functional coupling (Van Dijk et al., 2012) .
It is common to account for residual inaccuracies in motioncorrected data by including the detected motion traces into the fMRI data analysis. For task-based fMRI, motion parameters detected in the realignment step are often included as additional regressors in the general linear model (GLM) analysis (Friston et al., 1996; Hutton et al., 2011) . This assumes simple relations (e.g. linear or quadratic) of the residual motion-induced signal variations with regard to detected displacements or motion velocity, and appears to systematically reduce the signal variance (Lund et al., 2005) . Nonetheless, some studies report that low amplitude movements weakly-correlated to the stimulus may still result in false activations (Field et al., 2000) . In restingstate fMRI, the microscopic sub-voxel movements are a source of large concern (Murphy et al., 2013) , introducing potential bias in group analysis if the different groups are characterised by varying likelihoods of motion. Even after regressing out motion-relevant parameters, data censoring, commonly referred to as "scrubbing" is often necessary (Carp, 2013; Power et al., 2014) . Despite these efforts, a recent comprehensive study comparing different correction approaches concluded that none of the tested techniques were able to effectively remove motion-induced brain networks differences (Yan et al., 2013) .
One of the reasons why the aforementioned data corrections may Fig. 1 . A demonstration of magnetic susceptibility effects on the B0 field distortions in the human brain during motion. In this example, acquired at 3 T the subject rotated his head backwards in four steps. Prospective motion correction was applied while imaging with a modified field mapping sequence: (a) gradient echo magnitude images showing that the brain and skull remain aligned, due to prospective motion correction, while the neck deforms slightly, due to non-rigid effects (see white arrows); (b) the corresponding field maps, obtained directly from the scanner; (c) field maps after masking and unwrapping; (d) difference images between each field map in (c) and the field map obtained in the 0°reference position. Image data were presented in Maclaren et al. (2013) .
still be required is that the common image realignment methods ignore the changes in geometric image properties associated with motion. Ignoring B0-induced image distortions by performing rigid-body image realignment prior to the distortion correction results in both incorrect motion estimates and limits the ability of the realignment procedure to eliminate motion-induced signal variance (Wu et al., 1997) . A number of dynamic distortion-correction approaches have been proposed recently, e.g. (Dymerska et al., 2015; Lamberton et al., 2007; Yeo et al., 2008) . Some of the proposed approaches demand motion estimates for the realignment of the previously acquired initial distortion map and rely on the temporal stability of both the transmit and receive RF fields, which may potentially limit the accuracy of corrections. Others require modification of the acquisition sequence, e.g. alternating the echo times or phase encoding directions, which may interfere with the temporal sampling accuracy due to the additionally introduced signal modulation. Including the image phase into the reconstruction is a viable option (Hutton et al., 2013) , but the accuracy of the underlying assumptions still have yet to be verified, in particular at higher magnetic field strengths. The usability of the dynamic distortion correction as a means to disentangle motion-to-distortion interaction and correct the fMRI time series is yet to be confirmed in a wider range of fMRI studies. Another limitation of the retrospective volume-by-volume image registration is that it commonly ignores the intra-volume effects that occur during the acquisition of the respective multi-slice packages (point 7 in Table 1 ). As seen in Fig. 2 , depending on the order of the acquisition, distortions and transient signal modulations may arise, with different visual appearances. In interleaved acquisitions, striping patterns occur, whereas the sequential ordering results in a more benign artefact appearing as a localized stripe. Although the latter seems to be less destructive to the data, the former is easier to detect as an artefact. Muresan et al. (2005) have proposed an algorithm for detecting image voxels affected by spin-history effects based on the different temporal footprints of the tissues with varying T1 relaxation times, which however did not seem to find a wide acceptance in in vivo fMRI studies. Some algorithms account for intra-volume motion (Beall and Lowe, 2014; Bhagalia and Kim, 2008) by performing slice-tovolume registration and using these high-temporal resolution motion traces as nuisance regressors in GLM analysis. Spatio-temporal modelling of the detected functional responses also appears to be of benefit if the paradigm is known to induce motion and precise timing data are available (Lemmin et al., 2010) . Ultimately, adaptive correction of slice positions using external high-temporal resolution motion data (Yancey et al., 2011) appears to be a truly viable approach, which is one of the motivations for the methods presented below.
Prospective motion correction approaches
Prospective motion correction relies on the simple and intuitive principle of maintaining a constant relationship between the object under investigation and the imaging slice or volume. It is intuitively apparent that such prospective (a.k.a. adaptive or real-time) motion correction should be possible for the motion of any rigid body, such as the head to a good approximation, in the same way a technologist may re-position slices in a repeated session by locating anatomical landmarks. From a mathematical analysis of the Bloch equations and imaging principles, it follows that any affine motion (of which 6DoF rigid body motion is a subset) may be accounted for equivalently both in image space as well as during the acquisition (Atkinson and Hill, 2003; Maclaren et al., 2013; Nehrke and Börnert, 2005; . From these publications it follows that an arbitrary rigid body motion can be compensated for perfectly if accurate and timesynchronized rotations are applied to the gradients in combination with modifications of transmit and receive phases and frequencies. It is instructive for the analysis of the prospective motion correction approaches to separate the process of collecting the motion information (i.e. navigation or tracking) from the application of the corresponding corrections. In the example above the technologist collects the motion information based on the position of certain landmarks in the images and applies the correction by moving and rotating the slice package, which is transformed to gradient rotation matrices, frequency and phase settings by the scanner software.
To the best of our knowledge, the earliest use of the term "prospective motion correction" in MRI dates back to 1996 (Lee et al., 1996) where navigator-based motion correction was applied to fMRI, initially for simple translations and two years later for rotations as well (Lee et al., 1998) . Correction of all six degrees of freedom was first mentioned by Eviatar et al. (1997) in an ISMRM abstract. Two years later the same group presented a first truly real-time prospectively-corrected echo-planar imaging method with a target application in fMRI and a latency of approximately 6 ms and a claimed spatial resolution of 100 µm (Eviatar et al., 1999) . The authors used three solid-state laser-based position sensitive detectors mounted outside the magnet and three glass reflectors mounted on the head of the subject to track head motion independently of the MR system. Unfortunately, neither of these two studies seem to have been published as full papers, nor were they followed upon. Around the same time a paper of Derbyshire et al. appeared demonstrating 6DoF motion correction for structural MRI using fiducial markers with integrated RF micro-coils (Derbyshire et al., 1998) . Image-based motion detection was also recognised as a viable possibility primarily due to the increased computing power available in the scanner controller, leading to a successful implementation of the prospective acquisition correction (PACE) framework (Thesen et al., 2000) for functional MRI. In PACE, each 3D volume was registered to the reference image directly at the scanner once the data became available and fed back to the sequence control unit to update scanning parameters. Image reconstruction and registration required several hundred milliseconds, which could either be introduced as an inter-volume delay, or used to correct the second next volume acquisition if a delay-free fMRI protocol was desired. A first successful implementation of real-time 6DoF motion correction based on external optical tracking for a range of MR pulse sequences, including EPI was published as a paper in 2006 . In this work, a slightly modified commercial optical tracking system was used, positioned outside of the scanner bore and monitoring a set of retro-reflective spheres attached to the subject using a dental impression. This work had been preceded in a number of ISMRM abstracts in 2004-2006 from the same group using prototype tracking systems and less efficient sequence implementations, most notably demonstrating slice-by-slice correction for EPI (Zaitsev et al., 2004) and initial fMRI results .
Prospective motion correction is a very generic and powerful approach. For fMRI applications it is the only technique that allows for an adequate correction of spin-history effects (Yancey et al., 2011) and intra-volume distortions . Furthermore, it simplifies the motion-to-distortion interaction by aligning the phaseencoding direction with the underlying anatomy. Upon arbitrary head motions, some components of the local inhomogeneities can be considered to move together with the head, whereas the other components remain stationary or experience more complex changes. If the latter component is negligible, prospective motion correction would achieve a perfect correction of both motion and dynamic changes in geometric distortions. In a more realistic scenario, dynamic distortions in prospectively corrected images will still be present; however, the problem of correcting these reduces from two dimensions to one-(see Fig. 3 ). Due to this simplification, distortion correction in prospectively motion-corrected echo-planar images is greatly simplified, provided dynamic distortion information is available. In case of phantom imaging, such information may be derived from a known structure of the object and a forward calculation of the susceptibilityinduced field distortion (Boegle et al., 2010) . In our group we evaluated an option of creating a susceptibility model of the head based on MR data (Sostheim et al., 2012) , which initially showed promise but failed to achieve the desired accuracy of field prediction. Other approaches based on direct estimation of the B0 field changes have been presented recently (Ooi et al., 2013b; Rotenberg et al., 2013) , which demonstrate the efficacy of distortion correction following prospective motion correction.
Common pitfalls associated with prospective motion correction
Along with the power of prospective motion correction come a number of caveats. As true for any feedback chain introduced to a complex system, prospective motion correction may potentially destabilise the imaging results through measurement noise, instabilities, calibration errors, marker drifts or malfunction. One of the more irksome practical problems is that no "uncorrected" images can be extracted from an experiment if data were acquired with prospective correction. Although an approximation of undoing the effects of prospective correction has been recently proposed it can only be used for demonstration purposes and is not relevant to typical fMRI protocols. Therefore, a major constraint exists in performing validation studies, as separate runs are required for scans with and without prospective motion correction, whereas the conditions involving involuntarily motions are not reproducible by definition.
Accuracy and precision requirements for spin-warp MRI have been analysed recently Zahneisen et al., 2014a) , however, no similar studies are known to the authors that focus on fMRI-specific aspects. For traditional imaging, the tracking data precision must be greater than a fraction of the voxel size and is related to the contrast of the image. A general rule of thumb that 1/5th to 1/10th of the target voxel size is sufficient for the majority of applications Stucht et al., 2015) . Although as the typical fMRI voxel size is much larger than that of structural imaging, one can expect that more stringent specifications may apply.
The motion detection process is always associated with a certain latency, defined as the duration between the movement of the imaging object and the first scanning event which readily accounts for this motion. For navigator-based methods, time is required to play out the gradients and RF pulses as well as to record the data and to reconstruct the motion parameters. For camera-based tracking, optical images are typically taken frame-by-frame, followed by the transfer to an external computer and subsequent calculations. The latter may include complicated computer vision algorithms which further contribute to the tracking delay. Also included in the latency is the transfer of the 6DoF data to the scanner controller, and incorporation of the updates into the running sequence. It is therefore important to measure and characterise system latency, e.g. by measuring a residual displacement in presence of continuous motion . Latency requirements in fMRI may generally be rather stringent, but will be highly dependent of the types of motion expected. For example, an appropriate correction of cardio-ballistic bulk head motion requires a latency below 20 ms .
In a correctly implemented prospectively-corrected MR experiment, the imaged object, e.g. the head, remains stationary in the logical slice coordinate system upon any arbitrary subject motion. Consequently, stationary objects, such as RF, gradient and shim coils appear now to move in the direction opposite to the true object motion. This apparent motion complicates the application of retrospective intensity and gradient non-linearity correction; however it does not change anything regarding the underlying MR physics. Therefore accurate compensation of these effects is feasible upon the application of the appropriate (known at the time of image reconstruction) spatial transformations (Yarach et al., , 2015 .
Rotation of the imaging coordinates relative to the gradients introduces an additional potential source of artefact related to the anisotropy of the gradient performance characteristics. Different physical gradient axes are known to have different delays and eddycurrent characteristics. For different orientations the k-space errors may have different realisations. Single-shot readouts such as EPI are especially susceptible to these errors due the very high gradient amplitudes and slew rates used. In EPI this typically results in orientation-dependent eddy-current induced distortions and ghosting. As seen from the example in Fig. 4 , standard vendor-supplied ghost suppression technique fails upon any substantial rotation and alternative advanced ghost suppression techniques may be required, such as PLACE (Rotenberg et al., 2013; Xiang and Ye, 2007) , or potentially other approaches (Chen and Wyrwicz, 2004; Hennel, 1999; Vannesjo et al., 2016) .
Navigator-based methods (Alhamud et al., 2012; Fu et al., 1995; Fig. 3 . Cartoon demonstrating the interference between distortions and motion in EPI in the case of retrospective motion correction. Geometric distortions in EPI is a process consisting of one-dimensional pixel shifts along the phase-encoding direction. If motion correction precedes distortion correction, as shown above, the resultant distortions will involve two spatial dimensions and are harder to account for. Gallichan et al., 2016; Thesen et al., 2000; van der Kouwe et al., 2006; Ward et al., 2000; Welch et al., 2002; White et al., 2010) use the MR image data for motion detection. These methods typically have increased latency compared to optical tracking, which decreases the acquisition speed of the main imaging sequence, but has two advantages: the detected motion is directly related to the motion of the object of interest and is represented in the same coordinate frame. Some approaches use additional devices, e.g. MR-visible markers (Ooi et al., 2013a (Ooi et al., , 2011 Sengupta et al., 2014) , where the detected motion is still in MR reference frame, but rigid coupling between the markers and the object is not necessarily present and additional measures need to be taken in order to ensure such coupling. Finally, for truly external motion tracking devices (Forman et al., 2010; Maclaren et al., 2012; Rotenberg et al., 2013; Schulz et al., 2012; Zaitsev et al., 2006) , both marker fixation and coordinate frame matching need to be ensured. The latter is typically achieved by a cross-calibration procedure (Zahneisen et al., 2014b; Zaitsev et al., 2006) . The former, however, is sometimes easier to realise for optical tracking because the markers can be made as small as 15 mm . A compromise between the subject comfort and the security of coupling remains challenging, with the dental fixation method still being the method of choice if high accuracy is required .
Experimental fMRI studies employing prospective motion correction
When comparing the efficacy of different motion correction approaches it is often useful to consider whether the study conclusions are concerned with fast and large-scale motion conditions as opposed to microscopic subconscious, unintended motions, as in these cases various phenomena contribute differently to the resulting signal evolutions. Furthermore, as there is to date no perfect correction available, and considering motion sampling rate limitations, latency, and accuracy constraints, relative improvements and residual confounds may appear to be very different depending on how prospective motion correction is implemented. In our early test fMRI study , we considered large scale rotations, on the order of 15°a ccompanied with translations of several centimetres, performed by the subjects according to instructions provided during the scanning session. Under these conditions external prospective correction clearly outperformed both purely retrospective and PACE correction. However, despite the prospective motion correction, scans in the presence of intended motion have shown reduced activation. A later study based on active marker tracking has shown a consistent positive effect of the prospective motion correction under conditions of smaller but substantial motions, confirming however, the inability of achieving perfect corrections in case of motion and attributing this to motioninduced B0 variations (Ooi et al., 2011) . Soon after, the same group presented a method for prospective motion correction combined with dynamic retrospective distortion correction (Ooi et al., 2013b) and applied it successfully to a 12-subject group fMRI study performed under physiological unconscious motion conditions (Muraskin et al., 2013) . They have found a small but significant increase in Z-scores brought about by the prospective motion correction, which surprisingly could be attributed to an increase in the effect strength rather than decrease of the signal variance. Another study based on an optical stereoscopic in-bore tracking system and finger-tapping experiment in a relatively small cohort has independently demonstrated the importance of the dynamic distortion correction for reduction of false activations in the case of substantial motion (Rotenberg et al., 2013) . In contrast to the study of Muraskin et al., they have shown a reduction of activation in the no-motion+correction condition, which they attributed to the decrease of false positive activations in the motor area. A right leg movement paradigm, known to induce stimuluscorrelated motion, was studied in 15 participants in combination with an embedded optical motion tracking device and slice-by-slice motion correction without additional distortion correction (Schulz et al., 2014) . In this paper the authors demonstrated a robust and significant reduction in false activations, but at the same time note the necessity of dynamic distortion correction.
In our lab we have recently performed another pilot study involving 2D-EPI fMRI experiments using a block design unilateral right-handed finger-tapping paradigm, with stimuli blocks of 20 s duration followed by 20 s control. To date, eleven participants were included in the study. The volunteers were instructed to stay as still as possible during the session. An optical motion tracking camera (Metria Innovation Inc., Milwaukee, WI) was used to track the position of a marker attached using two-sided adhesive tape to the nose bridge of the subject. Marker fixation to the skin of the subject was selected to test the hypothesis, that it could provide sufficiently rigid coupling in young motivated volunteers. All scans were performed on a 3 T Magnetom Prisma using a 64 channel Rx head coil (Siemens Healthineers, Erlangen, Germany). MRI protocol consisted of an isotropic MP-RAGE, followed by an EPI sequence with parameters: 64×64 matrix size; TE=30 ms; 4 mm 2 inplane resolution; 30 slices of 5mm thickness. In each scan, 180 measurements were acquired with a TR of 2 s, leading to a scan duration of 360 s (6 mins). The EPI scan was repeated 2-3 times with and without prospective motion correction. No retrospective distortion correction was applied. During the offline post-processing, retrospective motion correction (Jenkinson et al., 2002) was applied to all scans, forming image datasets with: no motion correction; prospective only; retrospective only; and with both prospective and retrospective correction. Data were analysed in terms of temporal SNR and by using a probabilistic independent component analysis (ICA) (Beckmann and Smith, 2004) . A preliminary evaluation showed that on average, temporal SNR was 70 ± 15 for the case of no prospective correction, and 67 ± 11 with prospective correction, respectively. Despite the absence of significant differences in the group analysis, substantial variation is seen across participants as shown in Fig. 5 . This intersubject variation can be most likely attributed to the limited rigidity of the skin-attached marker and personal differences in skin mobility. This is further supported by applying retrospective correction to the prospectively corrected data. In this case, tSNR increases to 75 ± 9 and is comparable to the tSNR from data with retrospective correction alone, 78 ± 13. To analyse the effect of prospective and retrospective motion correction, the ICA signals derived from the BOLD response were Pearson-correlated with the measured 6DoF motion components, thus providing a measure of the influence of motion on the detected activation signals. As Fig. 5b shows, prospective motion correction with the skin-attached marker has increased signal variance for some of the components, this could be more than undone by the retrospective correction, such that a combination of prospective and retrospective corrections resulted in the weakest motion correlations. What is also noteworthy is that two of the motion DoFs (one rotation and one translation) continue to have a strong influence on the BOLD response, even after retrospective correction. These are hypothesised to be two out-of-plane motions, and thus contribute to the aforementioned spinhistory effects, for which retrospective correction alone cannot correct for. It is our intention to perform additional experiments with dental attachment of the marker to verify the current interpretation of these preliminary results.
The above examples covered functional MRI based on a 2D EPI protocol with low spatial resolution. For higher spatial resolution, 3D scanning may be desirable, which is not achievable within a single shot. For multi-shot techniques, no pure retrospective correction is available each subject from fMRI data with various motion correction states. A large variation in the effect of prospective motion correction can be observed. Pure prospective correction shows a general tendency to lower tSNR, however upon a combination with retrospective correction improvements can be observed in some subjects. Marker fixation to the skin is theorised to be the cause of these variations. (b) Group analysis showing the contribution of each motion DoF to the BOLD signal using different motion correction techniques. ICA analysis produced signals corresponding to a fraction of the overall BOLD signal variance. Signal variance was then attributed to motion if a correlation was detected to one of the 6 measured motion DoF.
to account for motion-induced data inconsistencies, therefore external real-time correction appears to be especially advantageous. In their recent study, Todd et al. (2015) have evaluated the performance of 3D EPI with prospective motion correction based on the same external optical motion tracking system under conditions of no motion, as well as slow and fast motion. Their results show a consistent increase in tSNR especially in the motion conditions as well as more robust activation detected with prospective correction.
For genuinely small motions and relatively coarse voxel sizes, prospective motion correction has difficulty showing a clear improvement. This is because the effects exclusively attainable by prospective correction (primarily points 3 and 7, and partly point 11 in Table 1 ) are relatively weak under these conditions. At the same time, tracking noise and more importantly imperfect marker fixation introduce apparent motion of the imaging volume relative to the head, which in extreme cases of very experienced and motivated participants may become comparable with the true head drifts. If the latter is the case, the apparent motion due to erroneous prospective correction, and other potentially harmful effects such increased variance of ghost suppression efficiency, may decrease temporal SNR and consequently BOLD activations. On the other hand, for more pronounced subject motion and higher spatial resolution, as was the case in the studies cited in the first half of this section, the benefits of prospective correction prevail.
Beyond motion correction
A number of studies cited above have shown the importance of incorporating the dynamic distortion correction into prospectivelycorrected EPI. Although we did not perform similar studies in our lab, in our experience motion is the most relevant cause of dynamic B0 alterations. We therefore expect further improvements if other B0-associated signal alteration pathways are taken into account in future, in particular contrast and dephasing changes upon B0 variations. We hypothesise real-time shim updating to be as important for EPI as prospective motion correction in regaining the original signal quality. Even though field map changes upon small head rotations remain relatively smooth (see Fig. 1 , 2nd column) necessity of adjusting higher-order shimming settings is apparent if these changes are to be corrected prospectively. Higher-order real-time shim updating, however, remains challenging because of the absence of both reliable detection mechanisms and limited hardware availability capable of the desired dynamic field alterations and is a topic of current research.
Benefits of the accurate motion tracking in the magnet bore extend far beyond prospective motion correction. One possible relevant example is the correction of simultaneous electroencephalography (EEG) and fMRI. Independent accurate and high-temporal resolution motion readings allow one to decouple interaction between the gradient-induced voltages in EEG electrodes and ballistocardiographic head motions, resulting in an EEG quality previously unattainable in the magnetic field in presence of EPI-related gradient activity (Körbl et al., 2016; LeVan et al., 2013 LeVan et al., , 2016 . Maziero et al. have further demonstrated a combination of prospectively-corrected EPI-fMRI with simultaneous EEG recordings (Maziero et al., 2016) .
Conclusions
Due to the low sensitivity of the BOLD-fMRI, long scanning is typically required. Temporal fluctuations in the MR signal arising due to motion reduce statistical significance of the activation maps and increase the likelihood of false activations. Motion correction is therefore an essential tool for a successful fMRI data analysis. Retrospective motion correction techniques are now commonplace and are incorporated into a wide range of fMRI analysis toolboxes. These techniques are advantageous due to robustness, sequence independence and minimal impact on the fMRI study setup. Retrospective techniques however, do not provide an intra-volume correction, nor can these techniques correct for the spin-history effects. The application of prospective motion correction in fMRI however appears to be effective in reducing false positives and increasing sensitivity when compared to retrospective techniques, particularly in the cases of substantial motion. Especially advantageous in this regard is the combination of prospective motion correction with dynamic distortion correction. Nevertheless, none of the recent methods are able to entirely recover activations in presence of motion that would be comparable to nomotion conditions. This is most likely due to the B0 induced distortion and contrast variations and may be attained in the future by real-time shim updating or advanced model-based image reconstruction. The evidence of the usability of prospective motion correction for restingstate fMRI is limited at present, but it is reasonable to assume a similar pattern, expecting prospective correction to be more effective in subject groups affected by motion or for studies requiring high spatial resolution.
